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A bstr act
Over the cou rse of thela st te nyea rs, o u rlabo rato ryha s a cquir ed adatabase ofabout800
abso rption spe ctr a of n aturalphytoplankto n s a mple s c olle cted &o m se veral oceanic regio n s.
T he s edぬ hav ebe e na nalys ed, along withcon c u -HtildTo 皿 atio n on plgm e nt C O mpO Sitio n
e stim a:ted usingHighPerform anc eLiquid C 血om atography(H P L C)te clm iqtle S. The analysis
highlights som e gen e raltre ndsin the abs orption chara cteristics and in pigm e nt c o mpo sitio n
wi thch angesin the phytoplankfon bio ma ss, asinde x ed by the con c e ntratio n of the main
plgm e nt, Chlo r ophyll- a. An e mpirical, tllre e-Par am ete r m odel c a nbe u s edto e stim ate the
abs orptio n c o efficient ofphytoplankto nat agive n w a velength a s afun ction ofchlo rophyll- a
c o nc e ntr a壬io n･ ButslChm odels 色ilto acc o untfordeviationsinthe abs orptio n char a cte ristic s
fr o mthe m aintr e nd. Theimplic atio n sfo rthe e stim atio n ofbothphytoplankto nbio m a s sand
pr 皿 a ry PrOdllCtio nfro mr em otely-s en s ed data a re ex amin ed.
Intr odtI Ctio n
ln the bi-partite opticalcla sific atio n sche m efo r m ulated by Mo r el and Prieur(Mo r el a nd
Prie u ri977;More1 19$0;S8thye ndran ath and Morel1983), o c e ani
.
c waters a re clas sified a s
Ca s e1 w aters
,
ifphytopla nkto n ca nbe co n sider edto be the m ajor, indepe nde nt variable
re spo n siblefor changes inthe opticalpr operties ofthe w ater. Ifthis c o nditon does n othold,
the n the w ate rs a reclassifi ed asCa s e2 w aters･ h Ca seI w aters, a s uite ofpar a 皿 eteris ations
ha v ebe e nd弓V eloped, fo r c o mputing phytopla nkto n abs o rptio n and s cattering propertie s a s
fun ctio n s ofa single v ariable, the co ncentration ofchlorophyll- a(Prie u r and Sathyendr an ath
1981; M orel19$8;Sathyendran 在thand Platt1988;Sathye ndr an ath et al. 1 99 9). It w o uld,
ho w e v e r
,
be w r o ngto as s ume丘o mthes edev elopm e ntsthatchlorophyll- a c o n c e ntr atio nis the
only pr opertythatis m odifled whe nthereis achangein the c o ncentratio n ofphytoplankton .
The fa cto rsthat c a u s e v ariatio n sinthe opticalprope rtie s ofphytopla nkton m erit m o r e
atte ntio n, particula rlyin the c onte xt of developing bio ma s salgoritlms fo rqu a ntitativ e
interpr etatio n ofo ce an- colo urdatain Ca se1 w ate rsI T his sthetopIC Ofou rpaper.
Wh atc a u s e sv ariatio n sin oce an colou rinCas e1 w ate rs? Assho wn sche m aticallyin Figur e1,
the opticalpr opertie s ofphytoplaliklo n, a nd hen c eofthe w aters, wi llofc o u rs edpe nd o nthe
c o n c e ntr atio n ofchlorophyll- a, which ispr eselltin allphytoplalikto n, eitherinitsr egularform ,
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o r asthe v aria ntdivinylchlol
1
0Phyl - a･ Ho w ev er, it m ust n otbe o v erlo okedthatcha nge sin
chlo r ophy111 a C On C entratio n are typic ally ac co mpallied by v ariatio n sip the relativ e
c o n ce ntratio n s ofa u xiliary Figm e nts, a nd inthe size str uctur e ofthephytoplanl(tonpopulatio n,
both ofwhichcan affe ct the optic alpr operties ofphytoplalkton･ Pigm erlt C O mPO Sitio n and
size str ucture v ary with the specie s c o mpositio n of
'
the phytopla nkto npopulatio n. The r efo l
･
e
,
o ne may e xpe ct the opticalpr operties to differ depe nding on whethe rthe populatio nis
domin ated by a sl ngle spe cie s o r clas s, c ”by m a nyspe ciesbelo nglngtO m a ny Cla ss e s. Inthe
case of m ulti-specie spopulatio n s, the optical pr opertie s w o uld depend o n the specie s
c ompo sitio n･ whe r e a sin the c as e of m on o- spe ciflCblo o m s, they w o uld depe nd o n the
do min a ntspe cie spre sent.
Ifindeed s o m any change s a c c ompa Jly Variationsin phytoplankto n c on centratio n,ho wisit
that w e ha v ebe en able to develop su c e ssful m odels that e mploy a slngle v a riable,
chlo rophyll- a,to pa r am eterisethe optic alpropertie s ofphytoplanktonin Ca s e1 w aters? The
su c ce s s ofthese models implies that m any ofthe change slisted above follo w c ertain
predictabletr e nds, wllich follo w cha ngesin chlo r ophyll- a･ In tllis paper w e an lys e adat?
ba se ofphytopla nkton abs orptio n spe ctr a and pigm e nt c ompo sitio n, to highlight gen eral
tre nds in specie s s u c c e s sio n that ac c ompany Cha nges in phytoplankto n c onc entratio n(as
indexed by chlo rophyll- a c o
.
n c e ntratio n), and the implic ations fo r m odelling. W e als o
甲 amine the m odificatio n s l nPlgm ent CO mPO Sitio n tht o c c ur･along with cha nges in
chlo r ophyll･ a conc e ntr ation, and the po s sibilties for de riv i ng Pigm ent C O mPO Sitio n&om
absorptio ndata.
A certain amo untofyellow s ubstanc eor colo nr ed dis s olv edo rganic m atteris als o e xpe ctedto
beprese ntin Cas e1 w aters, andto m odifyoc e an c olou rbyitsprese nce(Fig. 1). Butin this
pape r, w efocu s ou r attentio n e x clusivelyon the abs o rptio n char acteristics
'
ofphytopla nkto n,
their v ariabilityin o c e a血: w aters, and theirimplic atio n sfo r r e m ote s e nsing.
Data at)d Methods
T he abs o rption data w e re c ollectedo v e rthe c o u r se ofthela st ten ye-ars or so, u singthe Tlter
technique(Yents ch 1962)a s modified by Kishin o et al. (1985). The m e asu r ed absoq)tio n
v alu e s w er e c orre cted for pa血1e ngth ampliflC atio n o nthe filte rs, usirLg the res ults of
llo epffn e r and Sathye ndr anath(1992)and Mo o r e et
■
al･(1995), a so utlined in Kyewalyanga et
al
. (1998) and Stu art et all (1998)･ Pigm e nt c ompositio n w as m eas u red using High
Pe rfor m an c eLiquid C hro m atography(H P L C)te chniqu e, follo wingthepr oto col ofHe ad and
lio m e(1993)･ Al 1thedata we re c olle ctedusing c o n sitent te clm iqu es,during13cruise s, with
thetotaln umber ofsample snu mberingabotLt750.
Re s tl ts
Specie s- r elated Variatio n sin A bs o rptio n Spe ctr a: An alysis of diagn o stic plgm e ntS
m e as ur ed by H P LC te chniqu es uggestedthatpro chlo r ophyte s often te ndedto do min ate in
v ery oligotrophic w aters, cy an ophyte s incr e a sing in importanc e within c rea s ein the
chlo rophyll- a c once ntr atio n･ Diato m ste ndedtobethe domin a ntgro upih high-chlorophyll
envir o n m e nts
, withpr ymn e siophyte sbeing pre sentin high c onc e ntratio n sin a div e rsityof
en viro n m e nts･ The specific abs o rptio n c o effic e nt at440 n m was v elY highforthe s mall-
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G elled pr ochlo r ophyte s, dr opping offto arninim urn forthe r elativelyla rge
-Gelled did:to m
pop11atio n s.
The c orr e spo ndingv ariationsinわigm eⅡtc o mpo sition intr oducedchangesin the shapes ofthe
abs o rptio n spe ctr a. T he s e cha nge s wer efou nd to have no n
- n egligible effe cts o nligl]t
abs orptio nby phytoplankton at tllebase of the e uphotic z o n e(thedepth ofthel%lightle v el),
h co mputatio n sthat e mployed a spe ctralm odel oflightpe n etr atio nto e stim ate the spectral
quality oflightat thel %1iglltle v el. At血is opticaldepth,pro chlo r ophyte s appe artobe mo st
efficiellt atlightabs orptio nin oligotr ophic w ate rs, anddiatom sin e utr ophic w ater s･
G ener a) Tr e ndsin the CoIIC e ntr atio ns ofSo m eM ajo rAtIXiliary Pigm e nts Relativ eto
C hlo r ophyll- a: The-conc entration ofchlo r ophyll-br elativeto chlo r ophylトadropped offwith
inc rea singc orl Centratio n s ofphytopla nkton, wherea sthe r elative co nc entratio nofchlorophy111
cte ndedtoin c reas ewithphytopla nkto nco n c e ntratio n･ We also ex amin edthetrends inn o n
-
photosynthetic c ar oten oids(diadinox anthin ,diato x anthin, z e a x anth in, alo x a nthin,β- carotene)
aJld in photosynthetic c a rotenoids (fucox anth in, 19
'
-he x anoyloxyfu GO Xa nth in, 19
'
-
btltanOyloxyRI C O Xadhin , peridinin, pra sino x anthin , α - carotene)I The co n centratio n sof non-
photosynthetic c a ro{en oids relativ eto chlo rophylトate ndedto fallof with depth, and wi th
latitude, with highest values (predominantly zeax anth in) ap pe aring in s urfa ce w ate rsof
oligotrophictropic al oc e an s. On the otherha nd, the relativ e c onc e ntra土ions ofphoto synthetic
caroten oids (m o stly fuc oxa nth in) sho wed a tende ncy to increas e with in c reas e in
phytoplankto n c ollCe ntration. Som e ofthes etre nds w er ew e ak, and there w a s ac ertain
am o u nt ofv ariabilitya r o u ndthe m. A conseque n c e of the variatio n sin the size str u ctu re and
in the pigm erlt CO mpO Sition ofphytopla nkton wi thcha nge in c o nc e ntration wa sthat the
relation shipbetw e e nphytopla nkto nabs o rption a土440n m a nd the chlor ophyll- a c onc e ntr ation
w as･non -line ar
,
r equiringe mpirical fitsthatinvolvedtw o o rthr e epa ram ete rs. T he v ariability
a roundthes etr e nds w a s r efle cted in thefact tha;Ichlorophyll- a w a sable to e xplain only
■
about
72 %ofthe v a riancein theda壬a
,
e ven with a non -linearfit,
Relatio n ships betw e en Pigm etltS a nd P hytoplankto n A bs orption: If o n e u s ed line a r
relation ships, then chlo r ophyll-a byits elf w a s able to ej(plain only 68% of the v arian ce in
phytopla nkto n abs orption a土 440皿 1. The explained v ariance inc re asedto 79 % ifthe
c o nc entr atio n s of chlorophylls-b and - c and photosynthetic a nd n o nl)hoto synthetic
c ar ote n oids we reincluded in a m ultiplelin e a r r egre s sion.
From the per spe ctive ofr em ote s ensl ng, itis als ointerestingto po s ethe qu estio n丘
･
o m the
oppo site angle, and e x amin e whetherinfo rm ation on phytoplankto n abs orptio n at m ultiple
w a v el ngths c a nbe u s edto deriv e anyin fo rlTlatio n o npigm e ntC OmPO Sitio n, o v er a nd abo v e
info r m atio n o n chlo r ophyll- a c o n c e ntr atio n. In fa ct, m ultiple lin e ar regres sion of vario u s
plgm e ntS O nSe aWiF Sw a v el ngthsinthe visible sho w ed thatthes eabsorption values could
be u sedtoderiv e s o meinform actio n o npigm e nts otherthan chlorophylトa(Table1). O f al1the
m a)o rplgm e ntS e x amin ed, the r e s ults w ere po o re stfor Chlorophyll-b･ But;a s m entio n ed
e arlier
,
the relative c o n c e ntr ation of chlo rophyll-b tended to de c re a s ewi th ine re a s ein
chlo r ophyll- a co nc e ntr atio n, and itis po s sible that the m ethods w o uldw o rk■betterin w ater s
Wher e chlo r ophyll-b w as pre s e ntin signiflC a nt a m o unts. To
■
e xamin ethisidea further, the
data s et w er占splitirltO tw o gr o ups, ba s ed o nthe relative c o n c e ntr如io n ofchlorophylトc to
chlo r ophyll- a. Table 2 sho wstile reSults for an alys es o nthe s ub-s et of datafo r whichthe
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chlor ophyll-c:chlo r ophyl -a r atio w asle ssthan 0.2. In fa ct, fo rthis S ubset, til eVaria n c e s
explaineda rehighe r, n otjtlStfo r chlo r ophyll-b,butforal1pigm e nts.
Dis c ussio n aJld Co n e)u sio n
M odels of phytoplankto n abs orptiol in Ca s e1 w atersrely o Tl a S uite of cha nges in
phytopla nkto n cellsiz e and pigm ent c ompo sition that typic ally acc o mp my v a riation sin
chlor ophyl - a c o n c e ntr ation ･ Flu ctu atio ns aro u nd these ge n e raltrends c a nintr odu c e
sigmificaJlteffe cts o nthepe rfo rm a n c e ofalgorithm sforinterpreta丘o n ofoce a n-c olo u rdata, a s
de m on strated bySa:thyendr a n ath et all (1999), usingdata o nthe absorptio ncha ra cte ristics of
diatom a nd prym n esiophyte blo o m sfto 皿 the Labr ado rSe al The r e s ults r epo rted here,
prelimina ry asthey a r e, sugge st thatit m aybepo s sibleto o v erc o m e s o m e oftheli mitation s of
prese nt-day algorithm sby m aking u se of m ultiple w a v ele ngthstodistir)guishbetwee n s o m e
of the m ajorpigm e nts･ Partitio ningthedataba s edo n anindex ofpigm ent c o mposition(s ay
the ratio ofchlo r ophyll- c to chlorophyl - a)ap peTs to improve the res ults, s ugge stingthat
branching algo rithm s m ay perfo rlTlbetter tha n u rl V e rS al lgoritlm1S, andtha王the c riteriaf9r
br a n ching mightbeba sedo n r e m otely-dete ctable si.gnals.
The analysispresentedhereisbased o n abs orptio ndata, and has n otbroached the addito n al
pr oble m s as s ociated withthe n o n-1in e arity in the r elation sllipsbetw ee n abs orptio na nd oc ean
colou r o rtho s epr oble ms ass o ciated with･the innuen ce of s ubsta nce s s u ch a syello w
s ubsta n c e s on cea ncolo ur. In this se n s e
,
the r e stltspresentedhere m u stbe co n sideredtobe
pr elim lnary,B
'
o mthepointofview ofinte rpretation ofrem otely-se ns eddata o no cean colo ur.
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Figu r e1:Scllem aticdiagra m showings o urces ofvaria:tio n sinphytoplahkto n
abs o rption characteristic sin the aqu atic ehvir onm ent. The s ein tu rninfhellC e O C e an
c olo u r.
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Table I. . Re s ults of m ultiple line ar regre s sio n a n alysis Of H P L C-deriv ed pigm e nt
con c e ntr ation onphytoplankton abs o rptio n aISeaW iFSw a v el lgthsin the visible regio n of
the spe ctru m, usingthe e ntiredatabase(” - 757). W a v ele ngths u sed inthe m ultiple regressio n
areindic ated bytick m a rks. Allthe coeffic e nts a s s o ciated wi the s e w a v ele ngths w e re
signifi c ant @ = 0･00 00)･ Extending the multiple regressiorl tO incllユde al lsix SeaWiF S
w a v el ngthsin the visibledidn otr e s ultin a ny m arked in cr e a seinthe r epo rted r
2
valu e s1 1 9-
Hex ≡ 19
'
- He x anoyloxyfuc o x a nthin; P C - photQSynthetic c ar oten oids; N PC
= n o n-
photo synthetic c ar ote noids(seete xtfo rlistofc ar ote n oidsin e a chgr olp).
Se aW iF Sw a v clengths tlS ed
Pigm e nt 412n m 443n m 490nTn 51 0n m 555Tl m 670 n m r
2
Chl-a / / / 0.86
Chl_b ′ ′ / / 0.47
Chトc / ′ 0.74
FtlC O X a nthin イ
′
/ ′ 0.■87
19- He x / / / / 0.53
P C / / / 0.86
N P C / / ′ / 0.72
Table 2･ Re s ults of m ultiple lin ear r egre s sio n a nalysis of HP L C-derived pigm e nt
con c entr atio n o nphytopla nkto n abs orptio n atSeaWiFS w av ele ngthsin the visible r egio n of
the spe ctru m, simila rto the■analyses presented inTable1 in al r e spe cts, ex c ept tht only
s ample swith chlorophyll- a:chlo r ophylトc ratios < 0.2(” = 450)areu s edhe re.
Se aW iFSw a velengths tLSed
Pigm e nt 412T)m 443n m 490n m 510n m 555n m 670LITn ㌔
C hl- a / ノ
′
/ / 0.91
Chl_b ノ
′
/ / / 0.66
Chlー C / / / / / 0.94
Fu c o x aJlthin / / ′ / 0.93
191 He x / / / 0.65
P C / / / / 0.92
N P C / / ′ / / 0.75
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